Introduction
Hepatocellular carcinoma (HCC) is one of the most common and lethal primary malignant tumors worldwide [1] . The best treatment options with curative intention for HCC are surgical resection and liver transplantation. However, most patients with advanced HCC are not amenable to surgical resection or transplantation [2] . In recent years, a variety of inter-ventions have been developed, such as percutaneous ethanol injection (PEI), transcatheter arterial embolization (TAE), microwave heat-induced thermotherapy (HiTT) and laser-induced thermotherapy (LiTT) [3] . Nevertheless, the recurrence rate of liver tumor after the resection is relatively high, and tumor cells tend to transfer along the needle tract [4] .
With the development of biotechnology, gene therapy is becoming a new strategy for treating cancer. However, the safety and efficacy of gene delivery systems have hampered its clinical application. The vectors used for gene therapy can be divided into viral vectors and non-viral vectors. Viral vectors can provide high transfection efficiency, but the uncertain outcome and up-regulated immune responses after transfection make it difficult to achieve stable and lasting expression [5] . In contrast, non-viral vectors are much safer, but are limited by lower transfection efficiency [6] . Therefore, one of the most critical tasks in this field is to find an optimal gene delivery system, which can overcome the limitations of both viral and non-viral gene delivery systems.
Microbubble contrast agent is a new gene carrier, which adheres or parcels therapeutic genes and can significantly increase the gene transfection efficiency and expression [7, 8] . A microbubble is a gas-filled microsphere with a diameter of 3-5 µm. Its shell or lumen is attached or encapsulated with the bioactive substance [9, 10] . After being exposed to ultrasonic irradiation, the cell membrane permeability can be transiently enhanced, and gene transfer can be further facilitated through the production of small and nonlethal pores in cell membranes. This biophysical process is called sonoporation [11, 12] . Thereby, genes carried by microbubbles can be administered intravenously and directly to the targeted tissue. In addition, gene delivery should be limited to the targeted region, and delivery to non-targeted cells should be avoided [13] . More recently, ultrasound-targeted microbubble destruction (UTMD) has evolved as a novel gene transfection method with high transfection efficiency and safety [14] [15] [16] .
The surface of a liver cell has asialoglycoprotein receptors (ASGP-Rs), which specially recognize and endocytose glycoproteins with terminal galactose groups, known as galactose-specific receptors [17] . Galactosylated poly-L-lysine (G-PLL) has been used as a targeting ligand for ASGP-R and can promote the expression of the plasmid in the liver cell [18] . In addition, it was found that the c-myc oncogene was an essential early gene in cell proliferation and played an important role in the formation and development of hepatocellular carcinoma [19] . The transcription of the c-myc gene can be interrupted by c-myc antisense oligodeoxynucleotide (ASODN), which can further suppress the proliferation of cells.
In the present study, we applied intravenous administration of microbubbles combined with ultrasonic irradiation to investigate the transfection efficiency of c-myc ASODN and its association with cell proliferation and tumor inhibition rate. To the best of the authors' knowledge, there is limited information so far on using targeted UTMD mediated delivery of c-myc ASODN to HCC.
Material and methods

Cell culture
SMMC7721 cells, a human HCC cell line, were kindly donated by the Institute of Cancer Research (affiliated with Harbin Medical University) and were maintained in RPMI-1640 media (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Invitrogen), 100 U/ml penicillin and 100 µg/ml streptomycin. Cells were cultured in a humidified atmosphere containing 5% CO 2 at 37°C. The cells were routinely passaged every 2 days. The total cell count was determined with a hemocytometer (Bürker-Türk, Wertheim, Germany). Exponentially growing cells were used for all experiments. The local ethics committee of Harbin Medical University has approved the protocol for using the donated human HCC lines in the experimental study.
Animal model
The study protocol was also approved by the Animal Research Committee of Harbin Medical College. Male BALB/c mice (nu/nu, 4-6 weeks, weight 18-22 g) were obtained from the Experimental Animal Research Center. SMMC7721 cells were harvested to prepare single cell suspensions at 2 × 10 6 /ml cell concentration. All mice were fixed and inoculated subcutaneously with 0.2 ml of SMMC7721 cells. Time and size of tumor formation were recorded. After 10 days, the tumors reached a size of 5-10 mm and the experiments were initiated.
Design of c-myc ASODN sequence
The c-myc antisense oligonucleotide (ASODN) was synthesized according to the second exon start code AUG and thereafter codon 4 of c-myc mRNA. The sequence is 5'-AAC GTT GAG GGG CAT-3', and the ASODN was modified by phosphorothioate and biotinylated (Biological Engineering Company, Shanghai).
Preparation of biotinylated G-PLL
A total of 113.2 mg of poly-L-lysine, 480.5 mg of lactose and 300.0 mg of sodium borohydride were dissolved in 120 ml of H 2 O, and stirred at 37°C for 24 h; then the solution was adjusted to pH 8.5 with 5 mol/l of KOH, and then stirred for 6 h. The solution was dialyzed and purified with running water, and finally dried to collect the pure G-PLL product. 1 mg/ml biotin (B-NHS) was prepared with dimethylformamide (DMF), and 1 mg/ml G-PLL was prepared with pH 9.6 carbonate buffer, then the B-NHS and G-PLL were mixed and shaken for 2 h, and the biotinylated G-PLL was generated through dialysis at 4°C. Then the biotinylated G-PLL and non-biotinylated G-PLL were labeled with fluorescein isothiocyanate (FITC, Sigma, USA) and added to the plate coated with streptavidin.
Preparation of biotinylated SonoVue
SonoVue contains sulfur hexafluoride gas and has a phospholipid monolayer shell. The suspension of SonoVue microbubbles was reconstituted immediately before use by a bolus injection of 5 ml of 0.9% saline solution. The mean diameter of the microbubbles was 2.5 µm, and the concentration was from 2 × 10 8 to 5 × 10 8 microbubbles/ml. The DSPE-PEG2000-Biotin powder was dissolved in PBS, and 1 ml of microbubble suspension was added, and then shaken, and washed to prepare biotinylated microbubbles. Next, the streptavidin plate was inverted in the biotinylated microbubble suspensions for 30 min, washed with PBS 3 times and observed under a microscope; at the same time, ordinary microbubbles were set as a control.
Synthesis of G-PLL targeted ultrasound microbubble compounds
ASODN and G-PLL were mixed respectively in the same volume and different molar ratios (1 : 1, 1 : 2, 1 : 3 and 1 : 4). Then, the final concentration of c-myc ASODN was 10 µmol/l, and the mixture was incubated for 2 h, and then was added to SMMC-7721 cells. After 24 h, the distribution of c-myc ASODN and G-PLL conjugate on the cell surface was observed under an inverted fluorescence microscope to determine the optimal ratio. The following compounds were prepared: c-myc ASODN + G-PLL; SonoVue + c-myc ASODN; SonoVue + c-myc ASODN + G-PLL.
Ultrasound exposure
Ultrasound was delivered using an Acuson Sequoia 512 ultrasound system (Siemens Medical Solutions, Mountain View, CA) with 4C1-S transducer in the contrast pulse sequence mode. The parameters were evaluated and described as previously reported [20] . The cells were exposed at 1.0 W/cm 2 intensity, 10% duty cycles and 1.5 MHz continuous ultrasound for 60 s.
Gene transfection experiments in vitro
The SMMC-7721 cells were maintained in serum-free medium for 24 h, and then the flask was coated with a coupling agent and exposed to ultrasonic irradiation. There were four groups (n = 5), and 500 µl of the following substances were added to cells: control group (group A); c-myc ASODN + G-PLL (CG group, group B); c-myc ASODN + SonoVue (CUS group, group C); c-myc ASODN + G-PLL + SonoVue (CGUS group, group D). Both group C and D were exposed to ultrasonic irradiation in vitro and in vivo, respectively. Cells were collected at 24 h after the end of the experiment.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide cell proliferation assay
For the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell proliferation assay, cells (1.5 × 10 4 per well) were seeded into 96-well plates in triplicate and transiently transfected the next day. After 0, 24, 48 and 72 h, 100 µl of MTT was added to each well, and the plates were incubated for 4 h at 37°C, then the medium was removed, and MTT crystals were solubilized in dimethylsulfoxide, after which the spectrophotometric absorbance of each sample was measured at 490 nm using a Glomax 96 microplate luminometer and analyzed using Microplate Manager (Promega Corp, Madison, WI).
Gene transfection experiments in vivo
Tumor formation was observed 10 day after inoculation in 20 nude mice, and the tumor diameter detected by routine ultrasound was more than 0.5 cm. Nude mice were randomly divided into four groups (n = 5): PBS (control group, group A); c-myc ASODN + G-PLL (CG group, group B); c-myc ASODN + SonoVue (CUS group, group C); c-myc ASODN + G-PLL + SonoVue (CGUS group, group D). Groups C and D were exposed to ultrasound with the same mechanical parameters as in vitro experiments, but the ultrasonic time was prolonged by 5 min. The concentration of c-myc ASODN in the microbubble compound was 20 µmol/l. All animals were injected with 200 µl of transfection medium through the caudal vein using a 0.5 ml insulin syringe. The tumor volume was observed by routine ultrasound, and the diameter of the tumor was measured 4 times daily every 7 day. All mice were sacrificed at 28 day, and the tumor was removed and stored in liquid nitrogen. The tumor volume and tumor inhibition rate were calculated. Tumor inhibition rate = ((mean tumor volume of control group-mean tumor volume of experimental group)/mean tumor volume of control group) × 100%. Tumor volume = (π/6) × long diameter (a) × short diameter (b), and the growth curve of the tumor was drawn according to the tumor volume.
Semiquantitative RT-PCR
The cells were harvested 24 h after transfection, and semiquantitative RT-PCR was performed to determine the mRNA expression of c-myc. Total RNA was extracted with an RNA isolation kit (Watson, Shanghai, China) according to the manufacturer's instructions both for in vitro and in vivo study. The RNA was reverse transcribed to cDNA with a reverse transcription kit (Takara, Dalian, China). The resultant cDNA was amplified using a specific primer pair for c-myc: forward, 5′-TAC ATC CTG TCC GTC CAA GCA -3′; and reverse, 5′-TCA GCC AAG GTT GTG AGG TTG -3′, which yielded a predicted amplicon of 260 base pairs. b-actin was used as an internal standard, and its mRNA was amplified with the following primers: forward, 5′-CTC CAT CCT GGC CTC GCT GT -3′; and reverse, 5′-GCT GTC ACC TTC ACC GTT CC -3′, in a similar fashion, which yielded a predicted amplicon of 460 base pairs. The following cycling program was used for RT-PCR: denaturing at 94°C for 2 min, 35 cycles (denaturation at 94°C for 30 s, renaturation at 60°C for 30 s, and extension at 72°C for 30 s), and final extension at 72°C for 7 min. After electrophoresis, the bands were visualized using a Bio-Rad GelDoc 2000 gel imaging system (BioRad, CA, USA) and were analyzed using semiquantitative software. The relative expression of c-myc was calculated as the ratio of c-myc and b-actin. Inhibition rate = (control group-experimental group)/control group × 100%.
Statistical analysis
Statistical analyses were performed with SPSS 14.0 software (SPSS Inc, Chicago, IL). Linear regression was performed on the preparation and analysis of G-PLL. The measurements were expressed as mean ± standard deviation. Measurement differences among groups were determined by an analysis of variance (ANOVA). The comparison of the transfection rate was performed using the LSD t test. Significance was defined as p < 0.05, with the Bonferroni correction for multiple comparisons.
Results
Preparation and analysis of G-PLL
The composition of the synthetic product was analyzed with a UV spectrophotometer, and the regression equation was calculated as the absorbance (A) and concentration (C) of lactose, A = 57.400*C -0.018 (r = 0.9979) (Figure 1 ). According to the value of absorbance, the concentration of lactose was 16.59% in the sample. The molar ratio of lactose to poly-L-lysine was 24 : 1, and the average molecular weight of G-PLL was 48 000. The results of infrared spectroscopic analysis showed that lactose and poly-L-lysine formed a covalent compound (Figure 2 ).
The coupling effect of microbubbles and biotin, G-PLL and biotin
The streptavidin plate was observed under a microscope (400×), and the results showed that the number of microbubbles was significantly higher in the biotinylated group than that in the non-biotinylated group (Figure 3 ). Bright green fluorescence was also observed in the biotinylated G-PLL labeled with FITC, while there was no fluorescence in the control group (Figure 4) .
The ratio of c-myc ASODN and G-PLL
The c-myc ASODN and G-PLL conjugates gathered on the surface of SMMC7721 cells in the form of small blisters; with the increase of G-PLL concentration, the aggregation on the cell surface reached the saturated platform, and conjugates accumulated greatly in the medium ( Figure 5 ). After the dead cells were removed, the conjugates gathered on the cell surface and displayed a yellow-green fluorescence. Based on levels of fluorescence, we determined that the optimal molar ratio of c-myc ASODN to G-PLL was 1 : 2 ( Figure 6 ). 
Proliferation levels of different groups
The proliferation levels of the different experimental groups of SMMC-7721 cells are shown in Figure 7 . The results showed that the cell proliferation was not significantly different between groups before 24 h (p > 0.05). At 48 and 72 h after transfection, the proliferation levels of the three experimental groups were significantly inhibited compared with the control group (p < 0.05). Furthermore, the proliferation in the CGUS group was markedly decreased compared to the CG and CUS group (p < 0.05). These results indicate that the efficiency of proliferation inhibition increased significantly in a time-dependent manner between 24 and 72 h. A B
Growth inhibition of subcutaneously transplanted tumor
The results showed that the tumor volume of group A was significantly greater than that of other groups (p < 0.05, Table I ). In the same time period, the tumor volume of group D was significantly smaller than that of other groups at each time point and the tumor inhibition rate was 39.3 ±5.2%, suggesting that the tumor growth was most inhibited in group D (Figure 8 ).
Inhibition of c-myc gene expression
The c-myc ASODN was transfected in four experimental conditions in vitro and in vivo, respectively. Semiquantitative RT-PCR analysis (Figure 9) showed that the inhibition rates of c-myc mRNA in groups CG, CUS, and CGUS were 2. gene expression compared with other groups (p < 0.05). These results indicated that c-myc ASODN could be delivered to SMMC7721 cells by G-PLL targeted SonoVue and ultrasound exposure, which inhibited c-myc gene expression. The expression of the c-myc gene in the three experimental groups was significantly lower than that in the control group in vitro (p < 0.05); however, there was no significant difference in the expression of c-myc between groups CG and CUS and the control group in vivo (p > 0.05), suggesting that c-myc ASODN without the G-PLL ligand or ultrasound cavitation effect could not play a therapeutic role in vivo.
Discussion
The key step of gene therapy is the successful transfer of therapeutic genes to targeted cells with safe and efficient expression. Targeted microbubbles constructed with a suitable conjugated ligand can specifically combine with the targeted tissue. After being modified with different methods, microbubbles might be selectively bound to specific organs, such as reticuloendothelial tissues [21] . Unger et al. [22] reported that constructing a targeted ligand with fibroblast growth factor (FGF) on the surface of microbubbles could increase the gene transfection efficiency.
The critical step in the preparation of targeted ultrasound microbubbles is to choose an appropriate ligand, which is integrated on the surface of microbubbles. In the present study, the targeted ligand G-PLL for liver cells was conjugated to the microbubbles, and the G-PLL microbubble model was successfully constructed; microbub- bles containing the therapeutic gene specifically combined with liver cells, and following ultrasonic irradiation they generated cavitation effects to allow the c-myc ASODN to enter the cell cytoplasm. Our results showed that expression of the c-myc gene was significantly inhibited in the CGUS group in both in vivo and in vitro studies ( Figure 9 ). Receptor-mediated gene transfer technology is a method by which specific exogenous substances are transferred into the cell. Previous reports have indicated that SonoVue could be a useful gene delivery tool [23] . In our study, there were significant differences in expression of the c-myc gene between the experimental groups and the control group in vitro, suggesting that G-PLL played a critical role in targeting ligands mediated by the ASGP receptor. However, there was no significant difference in the expression of c-myc between groups CG and CUS and the control group in vivo, indicating that c-myc ASODN without the G-PLL ligand or ultrasound cavitation effect could not play a therapeutic role in vivo.
The main technical problem concerning the construction of targeted microbubbles was how to effectively connect relative ligands to the shell of microbubbles. The degree of conjugation would directly affect the transduction efficiency. Currently, the connection methods between the ligand and microbubbles are mainly divided into covalent bonding and non-covalent bonding (e.g. biotin-streptavidin, flexional multimeric space arm) [24] . Avidin-biotin interaction involves the strongest non-covalent bonds, widely used in biomedical research due to their unique high affinity [25] . Klibanov et al. [26] found that the higher the content of biotin on microbubbles, the stronger the binding strength between microbubbles and targeted tissue. When the content of biotin reached 7.5%, microbubbles could not be washed away even in flowing water. Lindner et al. [27] targeted microbubbles against P-selectin by conjugating monoclonal antibodies against murine P-selectin to the surface of lipid-shelled microbubbles via a biotin-streptavidin system. Intravital microscopy showed that the binding efficiency of this kind is four times that of the control group. The avidin-biotin interaction can also be used to develop targeted therapies by the biotinylation of ligands in vivo [28] . In the present study, in order to ensure the close interaction between microbubbles and ligands, we applied the biotin-streptavidin system as a bridge, then G-PLL and c-myc ASODN could be tightly linked to microbubbles. El-Din et al. reported that some kinds of gene mutations such as the p53 gene are not associated with carcinogenesis or a high risk of future development of HCC [29] . Therefore, as indicated in our study, the specific binding of G-PLL and the c-myc gene in the liver cell might be critical in both experimental and clinical settings.
The development of targeted ultrasound microbubbles has achieved certain results, but it is still in the initial stage of exploration. From bedside to clinical application, several issues exist in this field. For one thing, the construction steps of microbubbles are complex, with a low stability and targeting rate, and the biotin-streptavidin system has some immunogenicity. All of these limit the coupling scheme only to the preclinical research [30] . Therefore, it is necessary to explore a better method of conjugation. Also, the ultrasound cavitation effect is related to the dose of microbubble contrast agent and ultrasound irradiation energy, frequency and other factors [31] . Adjustment of ultrasonic parameters could control the drug release rate and allow implementation of real-time monitoring. There are also some harmful biological effects through using UTMD to promote gene targeted therapy, which requires more in-depth studies [32] . In addition, a novel gene delivery system such as cationic liposomal microbubbles and ultrasound has been confirmed to enhance the image quality compared to SonoVue [33] . However, whether this technique can be applied to in vivo studies in humans and the safety of such techniques require future study. In the present study, G-PLL was the ASGP-R specific ligand on the surface of liver cells; therefore, it might also conjugate in healthy liver cells, not limited to hepatoma cells. Future study is also required to find a more specific target only expressed in hepatocellular carcinoma cells, but not in most healthy organs.
In this study, we constructed an effective ultrasound microbubble model targeting liver cells to improve the gene transfection efficiency. This also provided a theoretical basis for an effective, targeted and non-invasive gene therapy for hepatoma. With the development of ultrasound contrast agents and the related equipment, we believe it may present a novel and attractive gene therapy for liver cancer.
